A long-standing puzzle in gerontology is the sex dependence of human longevity and its inheritance. We have analysed the sex-linked pattern of inheritance of longevity from 643 nuclear families on the historical population register of a French valley. We have focused on mean conditional life expectancy at a minimum age of 50 years, thus, in the present study, longevity refers to late or post-reproductive survival. A comparison of parents' and o¡spring's longevity has shown the existence of a heritable component of late survival in this population. We have found that the heritable component was substantially larger for daughters compared to sons. Moreover, this result appeared to be speci¢c to late survival, that is, when only post-reproductive mortality for parental and o¡spring generations is taken into account. The stronger resemblance of parents to their daughters was no longer observed when considering younger ages at death for the o¡spring. This observation explains the hitherto unaccountable diversity of data in previous studies.
INTRODUCTION
A large number of studies conducted during the 20th century led to a consensus that there is a family component to longevity (Cohen 1964; SchÌchter et al. 1993; Clarke & Mittwoch 1994) . Attempts at estimating the heritability of life span have yielded a low but consistent ¢gure of 10^30% (Herskind et al. 1996; Iachine et al. 1998) , which is stable over recorded history (Mayer 1991 ). Yet we know little of the underlying genetic mechanisms that modulate ageing and longevity, and of their interactions with environmental factors (Finch & Tanzi 1997) .
Although gender di¡erences in longevity are well known and have been extensively studied, such is not the case for the gender e¡ect on the inheritance of longevity. A gender bias in the transmission has been variously observed without being purposely investigated, revealing quite contradictory results among the various studies (Beeton & Pearson 1899; Kallman & Sander 1948; Jalavisto 1951; Abbott et al. 1974; Philippe 1978; BocquetAppel & Jakobi 1990; Gavrilova et al. 1998) . Our purpose here was to reconsider the issue of gender e¡ect in the transmission of longevity. The term`longevity' refers to late survival or post-reproductive survival. The analyses are based on mean conditional life expectancy at a minimum age of 50 years for parents and 55 years for children. This design feature was speci¢c to our study and distinguishes it from other family studies. Heritability or the heritable component was used here as a measure of the resemblance between parents and children. It can be considered as the additive genetic part that contributes to the total character variation (i.e. heritability in a narrow sense), under the assumption that there is no contribution of a shared environment to the resemblance of parents and o¡spring (Falconer 1981) .
We studied the inheritance of longevity among 643 families of a small rural population in France. This region, where 90% of the inhabitants were farmers during the study period, had the advantage of being very homogeneous with regard to socio-economic status and lifestyle. The contribution of environmental factors to the variability of life span between familiesöespecially for late survivalöwas expected to be low in this population. The environmental homogeneity and the intergenerational comparisons (parents with adult o¡spring) reduced the contribution of shared environment to the estimate of the heritable component.
We have shown that longevity (late survival) is heritable in this population: longer-lived parents beget longer-lived children. Moreover the heritable component was found to be substantially larger for daughters compared to sons, for whom the in£uence of parental longevity appeared to be very weak. These results showed that the inheritance of longevity was dependent on the o¡spring's gender.
MATERIAL AND METHODS

(a) Data sources
The data set used reconstructs the population of ¢ve adjacent villages located in the Valserine valley, a narrow valley of the French Jura mountains, near the Swiss frontier, 10 km west of Geneva. The reconstruction of the population was carried out through the analysis of all parochial and civil registers available. Data on approximately 70 000 vital events such as birth, baptism, marriage, death, and burial from 1680 to 1980 have been recorded in two computer ¢les. One ¢le contains 46 390 individual mentions, the other one contains 14115 union mentions. Individuals on this database can be linked to each other through kinship networks. This database was implemented on the initiative of Bideau and Plauchu (Bideau et al. 1992) and was aimed at studying the transmission of Rendu^Osler disease, a rare benign autosomal-dominant vascular disorder.
(b) Sampling of parental couples
The sampling was carried out in two stages. A ¢rst sample of 1184 parental couples was selected according to the following criteria: (i) they were married couples whose marriage had been recorded in the Valserine register; (ii) the accurate dates of birth and death had been registered for each one of them; (iii) they were born between 1745 and 1849; and (iv) they had at least one child whose dates of birth and death were also recorded. From this sample, a second sample was obtained by the elimination of couples where one of the spouses belonged to the ¢rst quartile of the age-at-death distribution. This elimination was done separately for each sex and each ten-year cohort. Thus a second sample of 643 parental couples was obtained, where almost all the individuals had reached at least 50 years of age (except three of them who had reached only the age of 49). Hence, the parental sample was mainly made up of postreproductive individuals. Men had a mean life span of 74.0 § 0.3 (mean § s.e.), a higher ¢gure than for women, 71.1 §0.4, as usually observed in France for this historical period.
(c) De¢nition of parental longevity
Two parental groups,`short lived' and`long lived', were de¢ned according to a percentile of the age-at-death distribution. The segregation was performed separately for six di¡erent distributions: for each sex and three successive birth cohorts. Samples obtained for each cohort were then pooled for each phenotype and each sex. This was done in order to avoid a selection bias stemming from an increase in life expectancy. Di¡erent percentiles can be chosen to de¢ne the phenotypes. Preliminary analyses have shown that the percentile range 20^35 corresponded to the de¢nitions of parental longevity groups associated with the strongest in£uences on the o¡spring's longevity. The in£uence of parental longevity on o¡spring appeared to be rather stable in this range. The percentile 30 was then chosen for all the analyses and results presented here. We veri¢ed that the four parental groups thus de¢ned according to their longevity were homogeneously distributed over the time-period by comparing the mean rank of year of birth between these groups, using a nonparametric Kruskal^Wallis test. We also checked that there was no di¡erence among parental groups for the variables`age at marriage of the woman',`age at marriage of the man', and`age gap between the spouses', using one-way ANOVA. None of these tests were statistically signi¢cant at the 5% level.
(d) Progeny
The 643 couples had 3447 children, 2389 (69%) of which had accurate dates of birth and death recorded in the database. We veri¢ed that missing data were distributed homogeneously for sex and parental group using w 2 -tests. The dates of birth spanned over a period from 1771 to 1894. The life expectancy at birth of the total sample is 42.0 § 0.9 for the 1159 daughters and 43.1 §0.9 for the 1230 sons.
(e) Statistical analyses
The SAS software package (v. 6.12; SAS Institute, Inc., Cary, NC) was used to manage the data and to perform all statistical analyses. Analyses of variance and contrast analyses were performed using a generalized linear model procedure on o¡spring's conditional life expectancy at age 55. For this age group the distribution of life spans approximated a normal distribution. The factors of parental longevity group (four levels: groups A, B, C, and D), sex (two levels) and birth cohort (ten levels) were included in the model and all interaction terms were tested. When the group factor was signi¢cant, contrast analyses were done to compare the di¡erent groups two-by-two, and to compare males and females in each of the four groups.
RESULTS
Hereditary e¡ects were estimated by comparing the life expectancies of o¡spring born from di¡erent groups of parents termed either`short lived' or`long lived'. These two parental phenotypes were de¢ned according to a percentile of the age-at-death distribution (¢gure 1). The percentile ¬ de¢ned`long-lived' individuals as being those in the upper ¬% of the age-at-death distribution and`short-lived' individuals as being those belonging to the remaining fraction of the distribution. The percentile 30 was chosen for the di¡erent analyses presented here (see } 2). Thus, four types of parental couples were distinguished according to the combination of longevity groups (¢gure 1): A, short-lived mother, short-lived father; B, long-lived mother, short-lived father; C, short-lived mother, long-lived father; D, long-lived mother, longlived father. E¡ect of parental phenotype was then estimated on a sample of 1102 children who had died above the age of 55. This sample contained 516 daughters and 586 sons with conditional mean life spans, above 55 years, of 72.6 § 0.4 and 72.3 § 0.3, respectively. In the following, mean life span will refer to conditional mean life span at age 55.
O¡spring (table 1) showed that the greatest di¡er-ence (3.6 years) was observed between the groups A (both short-lived parents) and D (both long-lived parents). All the other two-by-two comparisons were statistically signi¢cant except for the comparison between the groups B and C, corresponding to the intermediate groups. Analysis of variance also showed a signi¢cant e¡ect of cohort factor (ANOVA, Fˆ4.3, d.f.ˆ9, 1085, pˆ0.0001) . This e¡ect re£ected the general increase of life expectancy over time. Finally, although the mean life span did not vary signi¢cantly with gender (ANOVA, Fˆ1.3, d.f.ˆ1, 1085, p40.2), the interaction between parental group and o¡spring gender was signi¢cant (ANOVA, Fˆ2.8, d.f.ˆ3, 1085, pˆ0.04) . No other interactions were signi¢cant.
Contrast analysis comparing male and female life spans in the di¡erent groups revealed that the di¡erential in£uence of parental phenotype on daughters compared to sons was essentially due to a strong di¡erence in mean life spans for group D (¢gure 3). No di¡erence between male and female survival was observed for the other three groups.
The mean life span for sons varied signi¢cantly among cohorts (ANOVA, Fˆ2.0, d.f.ˆ9, 573, pˆ0.03 ), but did not signi¢cantly di¡er among the four groups (ANOVA, Fˆ1.5, d.f.ˆ3, 573, p40.2). Sons having both long-lived parents (group D) did live slightly longer (71.6 § 0.4) than sons having both short lived-parents (group A) (73.5 §1.0) (t-test: tˆ71.8, one-tailed, pˆ0.03).
Among daughters, analysis of variance showed highly signi¢cant e¡ects of cohort and parental group (ANOVA: cohort, Fˆ3.5, d.f.ˆ9, 503, p50.001; parental group, Fˆ9.3, d.f.ˆ3, 503, pˆ0.0001). Contrast comparisons between groups were all statistically signi¢cant except for B versus C and A versus C.
DISCUSSION
The analysis of inheritance of longevity for our study population of the French Jura has shown a signi¢cant heritable component of this character as have many other previous studies. The method chosen for the analysis of the resemblance between parents and children di¡ered from standard correlation or regression analysis. The approach used here was based on the principle of arti¢cial selection. The analysis relied on the transformation of a quantitative character (life span) to a qualitative character which de¢ned discrete phenotypes. This method was chosen essentially because it could take into account the existence of a threshold e¡ect in the in£uence of parental longevity. This threshold e¡ect was shown by the existence of an optimal percentile for the de¢nition of parental longevity that was associated with the strongest resemblance between parents and children. The use of dichotomous analysis also provides, for future work, an appropriate study design to ¢t models of Mendelian inheritance of qualitative characters.
Contrary to the regression method, the one used here did not lead directly to a heritability coe¤cient. It is however possible to get an estimate using the realized heritability coe¤cient (Falconer 1960 ). This coe¤cient is generally estimated for a selection process on several generations. We obtain here an estimate computed on one-generation selection and given by the ratio of the (D^A) di¡erences for the o¡spring's mean life spans to parent's mean life spans. We found a coe¤cient of 0.27 which is in agreement with the heritability coe¤cient found in Herskind's twin study (Herskind et al. 1996) . The heritability always depends on the population under study, and even more on the particular sample studied, which in our case is not random (married couples, non-migrants, etc.). Thus, the results presented here cannot be generalized to the whole population and a fortiori to the other populations of the human species. Furthermore, the heritable component depends also on the de¢nition of the trait`longevity' taken into account. We have considered ages at death above 50 years. Restricting analyses to post-reproductive survival for both generations enabled us to compare parents and children for the same range of variation of the character and the choice of this particular age group had also the advantage of considering distributions that approximated a normal curve.
A novel result in this study came from the comparison of heritabilities in male and female o¡spring. The heritable component was found to be much larger for daughters compared to sons, in a population where no gender di¡erence in life expectancy at age 55 was observed.
There was no di¡erence in mean life span of o¡spring in the intermediate groups B and C, corresponding to the mixed-couple groups (one short-lived parent and one long-lived parent). Thus, no evidence of a parent's gender-dependent e¡ect on inheritance was found. We could however observe a trend of a stronger father's e¡ect on daughters compared to the mother's e¡ect, which appeared to be rather stable although not statistically signi¢cant. Further analyses based on larger sample sizes or on di¡erent study designs are necessary to con¢rm, or not, this trend.
Concerning the result of a larger heritability among daughters, conclusions of previous studies on this point are quite heterogeneous, often standing in disagreement with one another and with our own results. For example, while some authors have reported a smaller component in females, essentially as a consequence of a weak fatherd aughter correlation ( Jalavisto 1951; Abbott et al. 1974; Philippe 1978; Herskind et al. 1996) , others have observed the opposite trend (Kallmann & Sander 1948; Wyshak 1978; Gavrilova et al. 1998; Ljungquist et al. 1998) . It appeared that the former studies had taken infant or early adult mortality of the o¡spring into account, while the latter had been partially or completely restricted to mature adult mortality as in our study. This observation suggested that the age-at-death cut-o¡ selected for the o¡spring could greatly in£uence the observed hereditary e¡ects. Figure 4 shows that this hypothesis was fully borne out. The di¡erence (D^A) representing the e¡ect of parental phenotype displayed a drastic dependence on the age at which the o¡spring's life expectancy was estimated, ranging from 0 to 65 years. The pattern of variation was almost opposite for sons and daughters. Indeed, whereas the e¡ect was minimal at birth for female o¡spring and reached a peak for life expectancy at age 50, it was maximal at birth for males and decreased thereafter, reaching a minimal level at age 55. When the age threshold chosen for estimating the o¡spring's life expectancy was taken into account, our own results and the apparently discrepant data of previous studies were reconciled within a coherent picture.
Previous investigators who speci¢cally addressed the hurdle of distinguishing genetic from environmental e¡ects in the transmission of longevity have consistently concluded in favour of the existence of a low but nonnegligible genetic component (Herskind et al. 1996; Finch & Tanzi 1997; Iachine et al. 1998) . Based on the characteristics of our study population, we assumed the observed family component to be mainly of genetic origin. The homogeneity of our population with regard to socioeconomic status and lifestyle minimized the contribution of shared environmental in£uences in the family component. Restricting our analyses to post-reproductive survival for parents and children also reduced potential bias due to shared environment.
The in£uence of parental phenotype on o¡spring's longevity displayed a signi¢cant interaction e¡ect with o¡spring's gender in our study. Sex-dependent genetic in£uences are reported in other studies for humans or other species. For example, in a case^control genetic study of longevity, HLA-DR7 is associated with male centenarians only, while HLA-DR11 is associated with longevous women in long-lived sibships (Ivanova et al. 1998) . In this regard, the recently reported linkage of type 1 diabetes to chromosome Xp in HLA-DR3-positive patients provides direct evidence for an interaction between these loci in the aetiology of this autoimmune disease (Cucca et al. 1998) . Interactions between genotype and sex are also found for Drosophila (Nuzhdin et al. 1997; Vieira et al. 2000) .
The sex dependence of the heritable component of longevity might suggest cytoplasmic or sex-chromosomelinked inheritance. The greater genetic variation of late survival in female o¡spring argued preferentially for X linkage. Because women are mosaic for the X chromosome, they have a larger degree of freedom in the tissuespeci¢c expression and regulation of X-linked genes. The fact that two alleles are expressed in heterozygous women in the same tissue, even though not in the same cell, should allow for a larger set of interacting autosomal in£uences to be manifested (Vogel & Motulsky 1997) . Indirect clues point to an involvement of the X chromosome in ageing (Smith 1989; SchÌchter 1998) , however no single locus on the X chromosome has yet been found to be directly associated with survival late in life. Further work is necessary to test speci¢cally for this genetic hypothesis of X linkage using an appropriate model. Other biological mechanisms might account for the reported sex £ genotype interactions. Variations of life span could be in£uenced by two di¡erent sets of genes in men and women. Di¡erential imprinting of either autosomal or X-linked methylated regions could also be involved (Bartolomei et al. 1997) . This interaction can also re£ect an underlying environment^genotype interaction, if contribution of environment in the variability of life span di¡ered in male and female o¡spring (Herskind et al. 1996) . In view of our analyses this hypothesis cannot be excluded even though no di¡erence in survival was observed between males and females in our population.
Di¡erences in the heritability of longevity between sons and daughters were dependent on the age at which the life expectancy of the o¡spring was calculated. If the age was zero (birth) instead of 55 years, the situation was inverted with regard to the o¡spring gender, the heritable component being larger for sons than for daughters (¢gure 4). Whether this dependency upon age of the sexĝ enotype interaction in survival stems from agedependent environmental e¡ects, age-dependent sets of genes, or pleiotropic e¡ects of the same locus, remains an open question.
Several investigators have long sensed the deeprunning link between sex and ageing (Rose 1991) . By focusing on late survival in a well-de¢ned population, we have unravelled data that showed gender-dependent e¡ects in the inheritance of longevity. Future work should strive to integrate these results with mortality at younger ages and other aspects of the life cycle, such as the reproductive schedule (Westendorp & Kirkwood 1999) .
